Two fi-lactamase-producing strains of Neisseria gonorrhoeae were studied.
Penicillin -resistant f8 -lactamase -producing strains of Neisseria gonorrhoeae have recently been identified. The danger of these strains to the medical treatment of gonorrhea is considerable.
Most strains of N. gonorrhoeae harbor indigenous plasmid species for which no function has been found (15, 26) . The most common is a multicopy plasmid with a molecular mass of 2.6 megadaltons (Mdal). In addition, certain clinical isolates contain a considerably larger plasmid (24.5 Mdal) (26) . Recently, it was shown that ,B-lactamase-producing gonococci contain additional plasmids (3, 21, 22) . Some strains harbor a 3.2-Mdal plasmid, whereas others carry a 4.4-Mdal plasmid. Conjugal transfer of the latter plasmid to gonococci and to other species has been demonstrated (2, 22) . Therefore, there is reason to fear a widespread dissemination of these R plasmids in Neisseriaceae even though the presence of the less common 24.5-Mdal plasmid is apparently necessary for conjugal trans- fer.
Resistance plasmids of enteric bacteria are very widespread and show a broad host range (27) . The "TEM-type" 8i-lactamase is the most common fi-lactamase coded for by R plasmids in enteric bacteria. Two TEM-type , 8-lactamases exist and can be differentiated readily by isoelectric focusing (14) . Penicillin-resistant gonococcal isolates from London and Liverpool have been shown to produce a 8-lactamase with a substrate profile and isoelectric point similar to that of a TEM-type f8-lactamase (18, 19) . The gene coding for TEM ,f-lactamase, bla, resides upon a sequence of deoxyribonucleic acid (DNA) that can be transposed from one replicon to another (6) . A significant portion of this transposable sequence of DNA has been found on some gonococcal resistance R plasmids (3) .
This study was undertaken to characterize two penicillin-resistant strains of N. gonorrhoeae, one isolated in Gothenburg and the other isolated in London. We show that penicillin resistance in both strains is due to a cellbound, plasmid-coded, TEM-1-like enzyme.
MATERIALS AND METHODS
Bacterial strains. Strain F62 was obtained from Alice Reyn, Copenhagen. The penicillin-resistant strains LNO1 (London, isolate described by Phillips [19] ) and SBO1 (Gothenburg, (14, 25) .
Agarose gel electrophoresis of DNA. Gonococcal plasmid DNA was subjected to electrophoresis through a 0.7% agarose gel as described by Meyers et al. (16) .
Determination of contour length and molecular weight of plasmid DNA. Plasmid DNA was prepared by the method of Grinstedt et al. (5) (9) . A 10% acrylamide separation gel (1 mm thick) and a 4.5% acrylamide stacking gel were used. Samples were heated immediately before electrophoresis in the sample buffer at 100°C for 5 min. Electrophoresis was run at a constant current of 20 mA. Gels were stained and destained according to the method of Fairbanks et al. (4) .
RESULTS
Characterization of gonococcal fl-lactamase. The ,B-lactamases from crude extracts of LNO1 and SBO1 were analyzed with respect to activity and substrate profile. They were compared with the f,-lactamase of an E. coli strain harboring the multicopy plasmid R6K, which is known to code for a TEM-1 enzyme (27 (Table 2 ). The ,B-lactamases of SBO1 and LNO1 both had an isoelectric point of 5.4, which is characteristic of TEM-1. The purified /8-lactamase from SBO1 was run on an SDS-polyacrylamide gel using references with lukown molecular weights. Only one band with a mass of approximately 22,000 daltons was detected ( Table 2) .
Location of gonococcal /3-lactamase. When strain SBO1 was grown in GC medium no ,8-lactamase activity was found in the growth medium after centrifugation (Table 3) . Spheroplasts of N. gonorrhoeae are difficult to prepare due to instability in sucrose. However, MM solution (10%) was found to effectively stabilize lysozyme ethylenediaminetetraacetic acid-induced gonococcal spheroplasts. Such spheroplasts released about 60% of the total ,B-lactamase activity without significant lysis of the cells, as measured by release of ribonucleic acid (Table 3) . Thus, ,B-lactamase in N. gonorrhoeae is likely to be located in the periplasmic space. Penicillin resistance. The penicillin resistance of strains SBO1 and LNO1 was highly affected by the size of the inoculum. The minimal inhibitory concentration (MIC) for benzylpenicillin with different inocula is shown in Table 4 . An inoculum of 102 or 104 cells per plate gave no difference in resistance. A dramatic increase in resistance, however, was observed with cell densities of 106 to 107 cells per plate. It is therefore clear that a large inoculum facilitates the identification of f8-lactamase-producing gonococci.
Strain SBO1 was grown exponentially in GC medium and treated with varying concentrations of benzylpenicillin (Fig. 1) . A concentration of 100 Ag of benzylpenicillin per ml caused only a slight effect on the absorbancy of the culture. At higher concentrations, an inhibition of apparent growth was found. After a concentration-dependent period, optical density increased, even in the culture exposed to 5,000 ,ug of benzyl- penicillin per ml. This period ranged from 10 to 400 min in the concentration range of 100 to 5,000 ,ug of benzylpenicillin per ml. When 100 clones from the control culture (no benzylpenicillin added) were tested, all were found to be penicillin resistant. It was likely that the eventual increase in optical density was related to the complete hydrolysis of benzylpenicillin. The hydrolysis of benzylpenicillin as well as the ,Blactamase activity in the growth medium was therefore followed in the presence of 1,000 ,ug of benzylpenicillin per ml (Fig. 2 ). An immediate hydrolysis of benzylpenicillin was evident and penicillin was completely hydrolyzed within 45 min. At 30 min, some f8-lactamase was found in the medium. This cell-free activity continued to rise even after the complete hydrolysis of benzylpenicillin. In the control culture, fl-lactamase did not appear in the medium until stationary phase was reached (300 min). A fraction of the penicillin-treated cells survived, and growth of these cells resumed after the complete hydrolysis of penicillin. After 300 min, this resumption of growth appeared as an increase in optical density.
Characterization of plasmid species. fied by cesium chloride-propidium iodide buoyant-density gradient centrifugation from penicillin-resistant gonococcal strains SBO1 and LNO1 and penicillin-susceptible strain F62. The covalently closed circular plasmid material from LNO1 and SBO1 amounted to 8 to 10% of the chromosomal DNA, whereas strain F62 contained only 4% plasmid DNA (Table 5) . By direct examination under the electron microscope, the two penicillin-resistant strains, as well as strain F62, contained a plasmid with a contour length corresponding to a molecular mass of 2.6 Mdal. Strains LNO1 and SBO1 carried an additional plasmid with an approximate molecular mass of 3.3 Mdal (Table 5 ). On the basis of an average of 1,000 Mdal for the gonococcal chromosome (7) and 3.3 Mdal for the new plasmid species, the copy number per chromosome was estimated at 9 in SBO1 and 6 in LNO1. The presence of two plasmid species in the resistant strains was confirmed by agarose gel electrophoresis.
fi-Lactamase-negative revertants. It could be hypothesized that the 3.3-Mdal plasmid confers something other than penicillin resistance on the cell properties. Spontaneous penicillin-susceptible revertants of strain SBO1 were therefore sought. After growth in GC medium for about 30 generations, one penicillin-susceptible clone out of 400 colonies tested was isolated. This derivative of SBO1, denoted SB02, showed no measurable fi-lactamase activity (Table 1). Only the indigenous 2.6-Mdal plasmid was detected on agarose gels. This clearly suggests that the 3.3-Mdal plasmid codes for gonococcal /8-lactamase. The penicillin-susceptible revertant SB02 showed the same growth rate (54 min) as SBO1 in GC medium. Moreover, both strains reached the same density at the stationary phase. This implies that the loss of the plasmid has no major physiological effect on the cell.
Measuring nutrient shift is one way of monitoring minor physiological differences between strains. SBO1 and SB02 were grown exponentially in GC medium and shifted to rich MOPS medium (Fig. 3) . Growth of strain SBO1 proceeded after the shift without a lag. In the penicillin-susceptible revertant, however, a lag period of up to 3 h was found after the shift.
DISCUSSION
The f,-lactamase produced by the gonococcal isolates from London and Gothenburg is very similar to the common TEM-1 enzyme found in many gram-negative bacilli. The substrate profile, molecular weight, and isoelectric point did not differ significantly from the TEM-1 enzyme specified by the R6K plasmid (27) . VOL. 13, 1978 on August 27, 2017 by guest http://aac.asm.org/ During exponential growth, the f3-lactamase was cell associated ( Fig. 2; Table 3 ). That spheroplast formation selectively released the enzyme suggests a periplasmic location for ,B-lactamase also in N. gonorrhoeae. The ability of intact cells to hydrolyze penicillins has been used to measure the penetration barrier for the substrate to the 8l-lactamase in the periplasmic space (27) . This penetration barrier seems to be an important factor in the normal tolerance of enterobacteria toward penicillins (1) . Although difficult to fully evaluate, available data suggest that in both Haemophilus influenzae (23) and N. gonorrhoeae (Table 3) , intact cells hydrolyze benzylpenicillin to the same extent as broken ones. This suggests that penicillin can freely penetrate the outer membrane of these species. When N. gonorrhoeae strain SBO1 was exposed to benzylpenicillin (Fig. 2) , ,8-lactamase was released into the medium. However, this cell-free activity can only account for the hydrolysis of a small fraction of the total penicilloic acid formed. Therefore, the cell-bound enzyme seems to accomplish the major part of the initial hydrolysis. That there was no lag period before the onset of penicillin hydrolysis clearly suggests that the outer membrane of N. gonorrhoeae does not function as an effecive penetration barrier towards benzylpenicillin. The extreme penicillin susceptibility of f8-lactamase-negative gonococci and the moderate single-cell resistance of fl-lactamase-producing strains can be explained by this lack of effective barrier. Despite the exceedingly low resistance level of penicillin-susceptible gonococci, a small fraction of cells will survive 2 h of exposure to 10 times the MIC of penicillin. After this period, addition of penicillinase will not allow ultimate growth in the culture (T. Elmros, personal communication).
Therefore, in the ,8-lactamase-producing strains, it is apparent that there is a limited period during which the 18-lactamase must hydrolyze the penicillin to rescue a fraction of the cells. The rate of hydrolysis of a fixed amount of penicillin is dependent upon the cell concentration. This, together with a deficient penetration barrier, would explain the marked inoculum effect observed.
The gonococcal 8i-lactamase in the Gothenburg isolate (strain SBO1) must be coded for by the 3.3-Mdal plasmid. The lack of this plasmid in a penicillin-susceptible and ,B-lactamase-negative revertant fully supports this view. This resistance plasmid is probably identical to the 3.2-Mdal plasmid reported from the British outbreak in 1976 (21, 22) . The antibiotic resistance pattern of the Gothenburg and London isolates is very similar (E. Kjellberg, personal communication). Both isolates are arginine auxotrophs (I. Moberg, personal communication). More-over, they show virtually identical growth rates in GC medium and rich MOPS medium. The Gothenburg and London isolates therefore probably originate from the same clone. The 3.3-Mdal plasmid occurred at a copy number of 6 to 9 per chromosome equivalent. The presence of the resistance plasmid did not affect the copy number of the indigenous one (2.6 Mdal), suggesting that the two plasmids in the same cell are fully compatible. This may suggest that these plasmids represent different replicons (22) . If so, it is possible that the resistance plasmid carries genes other than the bla gene, all of which originate from a gene pool outside the Neisseria species. We have therefore undertaken an initial physiological comparison between strain SBO1 and a revertant lacking the the 3.3-Mdal plasmid. When strain SBO1 was shifted from GC medium to a defined MOPS medium, growth continued without a measurable lag period. In the revertant, however, a considerable lag period was found before growth resumed. In our hands, the 3.3-Mdal resistance plasmid is stable, considerably more so than the 4.4-Mdal resistance plasmid studied in other penicillin-resistant gonococci (21) . It is tempting to speculate that this stability is due to a metabolic function of the 3.3-Mdal plasmid, which is advantageous to the cell.
